Abstract. The major hallmarks of tumor progression are angiogenesis, migration and metastasis. Among the components of Rhodiola rosea, salidroside (p-hydroxyphenethyl-β-dglucoside) is one of the most potent, and is present in all Rhodiola species. Recent data have revealed the anticancer effects of salidroside; however, the mechanism underlying its ability to inhibit tumor angiogenesis remains unknown. The present study aimed to analyze how salidroside affects major factors involved in breast cancer, and to elucidate its ability to inhibit angiogenesis and invasion. Signal transducer and activator of transcription 3 (STAT3) is a marker for tumor angiogenesis and migration, which interacts with matrix metalloproteinases (MMPs). Specifically, MMPs act as a downstream target for STAT3. Using western blotting and reverse transcription-quantitative polymerase chain reaction analysis, the present study demonstrated that treatment of MDA-MB 231 triple-negative breast cancer (TNBC) cells with salidroside led to inhibition of invasion and migration markers, and of STAT3 signaling. Furthermore, in vitro angiogenesis analyses in human umbilical vein endothelial cells confirmed the anti-angiogenic activity of salidroside. An electrophoretic mobility shift assay also demonstrated that salidroside may inhibit the DNA-binding activity of STAT3, preventing STAT3 from binding to a novel binding site of the MMP2 gene promoter. In conclusion, the present results demonstrated that salidroside may downregulate the STAT3 signaling pathway, and inhibit cell viability, migration and invasion through MMPs in breast cancer cells.
Introduction
Breast cancer is one of the most common types of cancer worldwide, and is a major cause of mortality (1, 2) . Several types of breast cancer can be differentiated based on receptor expression; ~20% of breast cancer cases express epidermal growth factor receptor (EGFR) and are classified as triplenegative breast cancer (TNBC) (3) (4) (5) . Notably, EGFR-targeted therapies have been reported to reduce EGFR activity and decrease cancer cell proliferation (6) .
All types of breast cancer cells express signal transducer and activator of transcription (STAT) proteins, which serve key roles in cell death, differentiation and proliferation (7, 8) . STAT3 and STAT5b have important roles in the initiation, progression and metastasis of malignant breast tumors. In particular, STAT3 is strongly associated with cell migration, invasion and metastasis, and its activation is mediated through ligand-associated tyrosine kinases, Janus kinase 2 (Jak2) and EGFR. Phosphorylation of certain STAT3 residues results in the formation of a homodimer or heterodimer that is subsequently translocated to the nucleus. The activated STAT3 molecule acts as a transcription factor in the nucleus, and binds to specific activation elements of the target gene promoter region (9) . Previous studies have reported that EGFR, Jak2 and STAT3 signaling has a role in cancer cell proliferation, differentiation, apoptosis and metastasis (8, 10) .
Rhodiola rosea is widely distributed in high altitude areas, predominantly in Northeast Asia and Eastern Europe, and has long been used as a medicinal material in China. Among the isolated components of R. rosea, salidroside (p-hydroxyphenethyl-β-d-glucoside) is one of the most potent, and is found in all Rhodiola species. Numerous studies have investigated the biological functions of salidroside, highlighting its antioxidant and anticancer effects (11) (12) (13) (14) (15) (16) .
Salidroside inhibits migration, invasion and angiogenesis of MDA-MB 231 TNBC cells by regulating EGFR/Jak2/STAT3 signaling via MMP2
Various anticancer investigations have examined the effects of salidroside on the cell cycle and apoptosis; however, to the best of our knowledge, no studies have specifically analyzed the effects of salidroside on breast cancer. The present study investigated how salidroside affected major factors involved in breast cancer, including STAT3, Jak2 and EGFR, in order to elucidate its ability to inhibit metastasis and invasion. The results demonstrated that salidroside treatment downregulated the STAT3 signaling pathway through matrix metalloproteinases (MMPs), thus resulting in the inhibition of cell viability, metastasis, migration and invasion in breast cancer cells. Cell culture and treatment. MDA-MB 231 (no. 30026, Korean Cell Line Bank, Seoul, Korea) human breast cancer cells were cultured in DMEM supplemented with 10% FBS, 2 mM glutamine, and 100 U/ml penicillin and streptomycin. MCF-10A immortalized normal human breast epithelial cells [CRL-10317; American Type Culture Collection (ATCC), Manassas, VA, USA] were grown to confluence in phenol redfree DMEM/F12 medium (11320033; Gibco; Thermo Fisher Scientific, Inc.) supplemented with cholera toxin (1 mg/ml; C8052, Sigma-Aldrich; Merck KGaA), insulin (10 mg/ml; I0516; Sigma-Aldrich; Merck KGaA), EGF (5 mg/ml; E9644; Sigma-Aldrich; Merck KGaA), 1% penicillin/streptomycin and 5% FBS. Human umbilical vein endothelial cells (HUVECs; PCS-100-010; ATCC) were maintained in EBM-2 (CC-3156; Lonza, Walkersville, MD USA) endothelial growth basal media. Cells were cultured at 37˚C in an incubator containing 5% CO 2 . For each experiment, cells were resuspended in medium at a density of 2.5x10 5 cells/ml. Unless otherwise specified, cells were treated with 40 µM salidroside for 24 h at 37˚C.
Materials and methods

Antibodies
Cell viability assay. Cell viability was assessed by MTT assay. Briefly, cells were resuspended in DMEM 1 day prior to drug treatment, at a density of 3x10 3 cells/well in 96-well culture plates. Culture medium was replaced with fresh medium containing DMSO as a vehicle control. Cells were incubated with increasing concentrations of salidroside (5-80 µM) for 24 h at 37˚C. Following drug treatment, MTT (5 mg/ml) was added, and the culture dishes were incubated at 37˚C for 4 h. The resulting formazan product was dissolved in DMSO and absorbance was measured at 550 nm on an Ultra Multifunctional Microplate Reader (Tecan US, Inc., Morrisville, NC, USA). All measurements were performed in triplicate, with experiments repeated at least three times.
Western blotting. Whole cell lysates from untreated or salidroside-treated MDA-MB 231 cells and HUVECs were prepared on ice using radioimmunoprecipitation lysis buffer (20-188; EMD Millipore) containing phosphatase and protease inhibitors. Cells were disrupted by aspiration through a 23-gauge needle and centrifuged at 18,300 x g for 10 min at 4˚C to remove cellular debris. Protein concentrations were measured using the Bradford method (Thermo Fisher Scientific, Inc.). Equal amounts of protein (100 µg/lane) were resolved by 10% SDS-PAGE and were then transferred onto nitrocellulose membranes. The blots were blocked for 1 h with 5% skimmed milk in TBS-T buffer [20 mM Tris-HCl (pH 7.6), 137 mM NaCl, 0.1X Tween-20]. Membranes were then probed overnight at 4˚C with the relevant primary antibodies (MMP2, MMP3 and MMP9, 1:500 dilutions; STAT1, STAT3, STAT5b, p-STAT1, p-STAT3, p-STAT5, VEGF, VEGF-R2, p-Jak2, Jak2, p-EGFR, EGFR, p-VEGF-R2, TBP and β-actin, 1:1,000 dilutions) diluted in 5% bovine serum albumin (BSA; EMD Millipore) or skim milk (Difco™ Skim Milk; BD Biosciences, Franklin Lakes, NJ, USA), followed by washing with TBS-T and incubation for 1 h at room temperature with HRP-conjugated secondary antibodies (1:2,000 dilution in 5% BSA or skim milk). Detection was performed using the Enhanced Chemiluminescence Plus detection kit (Amersham; GE Healthcare, Chicago, IL, USA) and an LAS-4000 imaging device (Fujifilm, Tokyo, Japan). Blots were stripped using Restore Western Blot Stripping Buffer (Thermo Fisher Scientific, Inc.).
Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was extracted using the RNeasy Mini kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's protocol. RNA was quantified spectrophotometrically at 260 nm. Subsequently, RT-PCR analyses were performed to detect MMP2, MMP3, MMP9 and 18s RNA expression. cDNA was synthesized from total RNA at 42˚C for 1 h and 95˚C for 5 min using first-strand cDNA synthesis kits (K-2041; Bioneer Corporation, Daejeon, Korea) and oligo d(T) primers. The RT-PCR Premix kit (K-2016; Bioneer Corporation) was used for MMP2, MMP3 MMP9 and 18s amplification with primers synthesized by Bioneer Corporation. PCR amplification to generate a 472-bp MMP2 fragment was conducted with the following primers: MMP2, sense 5'-GGCCCTGTCAC TCCTGAGAT-3' and antisense 5'-GGC ATCCAGGTTATCGG GGA-3'. The PCR conditions were as follows: 94˚C for 5 min, followed by 32 cycles at 94˚C for 30 sec, 58˚C for 30 sec and 72˚C for 45 sec, followed by 72˚C for 7 min. PCR amplification to generate a 432-bp MMP3 fragment was conducted with the following primers and PCR conditions: MMP3, sense 5'-CCT GCTTTGTCCTTTGATGC-3' and antisense 5'-TGAGTCAA TCCCTGGAAAGT-3'; 95˚C for 5 min, followed by 32 cycles at 95˚C for 45 sec, 60˚C for 45 sec and 72˚C for 60 sec, followed by 72˚C for 10 min. PCR amplification to generate a 455-bp MMP9 fragment was conducted with the following primers and PCR conditions: MMP9, sense 5'-CCTGCCAGTTTCC ATTCATC-3' and antisense 5'-GCCATTCACGTCGTCCT TAT-3'; 94˚C for 5 min, followed by 30 cycles at 94˚C for 40 sec, 60˚C for 40 sec and 68˚C for 50 sec, followed by 72˚C for 7 min. Finally, a 489-bp amplified 18s mRNA fragment was generated using the following primers and PCR conditions: 18s, sense 5'-CGGCTACCACATCCAAGGAA-3' and antisense 5'-CCGGCGTCCCTCTTAATC-3'; 95˚C for 5 min, followed by 30 cycles at 95˚C for 60 sec, 58˚C for 60 sec and 72˚C for 60 sec, followed by 72˚C for 10 min. PCR products were resolved by electrophoresis on a 2% agarose gel and were visualized by ethidium bromide (E7637; Sigma-Aldrich; Merck KGaA) staining.
Electrophoretic mobility shift assay (EMSA)
. STAT3 DNA-binding activity was detected using LightShift Chemiluminescent EMSA kit (20148; Thermo Fisher Scientific, Inc.). Oligonucleotide probes (STAT3) and reporter lysis buffer were purchased from Promega Corporation (Madison, WI, USA). MDA-MB 231 cells were grown to ~90% confluence with nuclear protein extracts prepared using the Nuclear Extract kit (Affymetrix; Thermo Fisher Scientific, Inc.). EMSA was performed using the EMSA kit (20148; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Briefly, nuclear protein was subjected to hybridization to a double-stranded, biotin-labeled oligonucleotide probe, containing the consensus-binding site for STAT3 (sense strand, 5'-GATCCTTCTGGGAATTCCTAGATC-3'). Proteins were resolved on a non-denaturing 6% PAGE gel (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Proteins were transferred from the gel to a nylon membrane and detected using streptavidin-HRP and a chemiluminescent substrate (Affymetrix; Thermo Fisher Scientific, Inc.).
Small interfering RNA (siRNA) analyses. MDA-MB 231 cells (1x105) were cultured in 6-well plates, and grown to 60% confluence. Cells were then transfected with the ON-TARGETplus SMARTpool siRNA targeting STAT3 (siSTAT3), or ON-TARGETplus non-target siRNA (GE Healthcare Dharmacon, Inc., Lafayette, CO, USA), as a control. Transfection was conducted using the DharmaFECT transfection reagent (GE Healthcare Dharmacon, Inc.), according to the manufacturer's protocol. Following siRNA transfection (1 µg/µl) for 24 h at 37˚C, salidroside treatment was applied for an additional 24 h. The expression levels of STAT3, p-STAT3, MMP2 and β-actin were detected by western blotting.
Wound healing assay. MDA-MB 231 cells were cultured in 6-well plates at a concentration of 1x10 5 cells/well in DMEM containing 10% FBS and were then incubated for 24 h in a humidified chamber. After forming a confluent monolayer, the cell layer was scratched with a pipette tip and washed with PBS to remove cell debris. Cells were untreated (controls) or exposed to 10, 20 and 40 µM salidroside. Images of the scratch sites (wounds) were captured at 0 and 24 h using a fluorescence microscope (IX71; Olympus Corporation, Center Valley, PA, USA), and the average area of the wound was calculated using DP Controller software (Version 3.2; Olympus Corporation).
Matrigel invasion assay. A Transwell invasion assay was performed using Matrigel pre-coated, ready-to-use invasion chambers (BD BioCoat; BD Biosciences). MDA-MB 231 cells in DMEM, suspended at a concentration of 5x10 4 were added to the inserts. Drug-containing (10, 20 and 40 µM) media were added to the receiver plate, and the inserts containing cells were placed onto it. After 24-h incubation in a humidified chamber at 37˚C, the cells that had invaded the apical surface of the inserts were identified using crystal violet. The plates were then incubated in ambient conditions for 24 h, after which they were washed and fixed with 3.7% formaldehyde for 5 min at room temperature. The cells on the upper surface were removed using a cotton swab and the invaded cells were quantified under a fluorescence microscope. Cells were counted in four fields of view.
In vitro angiogenesis assay. ECMatrix (In Vitro Angiogenesis Assay kit; ECM625; EMD Millipore) was thawed at 4˚C overnight, after which the wells of pre-chilled 96-well plates were coated with 50 µl diluted ECMatrix and incubated at 37˚C for 1 h. A total of 150 µl HUVECs (1x10 4 ; American Type Culture Collection; CRL-1730) with or without salidroside was added to the solidified matrix and incubated at 37˚C for 12 h. Endothelial cell formation was observed under a fluorescence microscope. Focus was placed on distinct areas and the tubes formed were counted.
Transfection and STAT3 overexpression analysis.
MDA-MB 231 cells (1x10 5 ) were cultured in 6-well plates and grown to 60% confluence. The cells were then transfected with STAT3-pMX vector (provided by Dr M. Shong, Chungnam National University, Daejeon, Korea) or empty pMX vector (control, 0.5 µg/µl) using the DharmaFECT transfection reagent (GE Healthcare Dharmacon, Inc.) for 24 h at 37˚C. Transfected cells were washed with ice-cold PBS, and treated for an additional 24 h with media that contained 40 µM salidroside. Proteins were isolated and analyzed by western blotting to determine p-STAT3, STAT3, MMP2 and β-actin expression levels.
Molecular docking. The binding of salidroside to EGFR was determined by molecular docking using the AutoDock Vina program in PyRx software version 0.8 (17) . The 3D structure of salidroside was obtained from PubChem (ID: 159278; https:// pubchem.ncbi.nlm.nih.gov/) and that of EGFR was obtained from Protein Data Bank (PDB ID: 2GS2; https://www.rcsb. org/). The obtained binding was analyzed by PyMol software version 0.99 (https://pymol.en.uptodown.com/).
Statistical analyses.
All experiments were performed at least three times with results expressed as means ± standard error of the mean. Statistical analyses were conducted using one-way analysis of variance (ANOVA) or Student's t-test. One-way ANOVA was performed with Duncan's multiple range test as a post hoc test. Analyses were performed using the SAS 9.3 program (SAS Institute, Inc., Cary, NC, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Salidroside inhibits MDA-MB 231 cell viability. MTT assay was performed to examine how salidroside affected the viability of the human breast cancer cell lines MDA-MB 231 and MCF-10A. For 24 h, MDA-MB 231, MCF-10A and HUVECs were exposed to increasing concentrations of salidroside (5, 10, 20, 40 and 80 µM). The numbers of salidroside-treated cells compared with control cells were then compared during the logarithmic growth phase. MDA-MB 231 cell growth was inhibited by 49% following treatment with 40 µM salidroside, and by 62% following treatment with 80 µM salidroside (Fig. 1A, P<0 .001). Conversely, salidroside did not inhibit the viability of normal cell lines, MCF-10A and HUVECs (Fig. 1B and C) . Salidroside treatment markedly decreased the viability of MDA-MB 231 cells in a dose-dependent manner, with 40 µM salidroside determined to be the half maximal inhibitory concentration; this concentration was used in subsequent experiments.
Salidroside inhibits angiogenesis through VEGF and STAT3 in HUVEC cells.
To confirm that salidroside exerted inhibitory effects on angiogenesis, an in vitro angiogenesis assay was conducted using 40 and 80 µM salidroside ( Fig. 2A) . Salidroside significantly inhibited tube formation in the extracellular matrix (Fig. 2B) . VEGF serves an important role in angiogenesis. Western blot analysis confirmed that treatment with 40 µM salidroside inhibited the expression levels of VEGF and p-STAT3 in HUVECs without altering the levels of total STAT3 (Fig. 2C and D) . These results suggested that salidroside may inhibit VEGF-dependent angiogenesis through STAT3.
Salidroside suppresses EGFR phosphorylation and Jak2/STAT3
signaling in MDA-MB 231 cells. The EGF-initiated Jak and STAT signaling cascade has been implicated in cell survival responses; Jak phosphorylates STAT proteins localized at the plasma membrane (18, 19) . The present study evaluated the binding ability of salidroside with EGFR using molecular docking with the AutoDock Vina platform. Salidroside docked with the ATP-binding site of EGFR, thus confirming direct binding of salidroside with EGFR (Fig. 3A) . Western blot analysis revealed that salidroside treatment led to downregulation of p-EGFR. These results suggested that salidroside treatment may inhibit EGFR binding, and thus downregulate the expression of its downstream molecules p-Jak2 and p-STAT3. Compared with in the control group, treatment with 40 µM salidroside resulted in a reduction in the expression of these proteins (Fig. 3B) . These data suggested that salidroside may inhibit EGFR phosphorylation, which resulted in reduced phosphorylation of Jak2 and STAT3. Furthermore, inhibition of the angiogenesis markers VEGF and p-VEGF-R2 confirmed that salidroside inhibited angiogenesis.
Salidroside inhibits nuclear translocation and DNA-binding activity of STAT3.
A recent study reported that STAT3 activation regulates MMP2 expression (20) . MMP2 transcription requires translocation of p-STAT3 to the nucleus, where it binds to the MMP2 gene promoter. To analyze nuclear translocation, nuclear extracts were isolated from untreated and salidroside-treated MDA-MB 231 cells. Western blot analysis of these nuclear extracts revealed that the expression levels of p-STAT3 were reduced in salidroside-treated cells (Fig. 3C ). In our previous study, the MMP2 gene promoter was analyzed, in order to detect a γ-interferon activation site (GAS) element (20) , which is the DNA-binding sequence for the STAT family of transcription factors. Upon locating this element, an EMSA was conducted to analyze the DNA-binding activity of STAT3 to the GAS element. The results indicated that the DNA/STAT3 complex was downregulated in salidroside-treated cells compared with in the untreated control cells (Fig. 3D) . These findings revealed that salidroside may inhibit expression of the STAT3/MMP2 complex, thus indicating that salidroside acts through STAT3 signaling.
Salidroside suppresses MMP2 expression via STAT3 regulation. Upon confirming the downregulation of MMP2 expression, and the downregulation of STAT3 expression, phosphorylation and DNA-binding activity, the present study investigated the association between STAT3 and MMP2. To test the hypothesis that STAT3 may be a positive regulator of MMP2, STAT3 was knocked down using specific siSTAT3, and MMP2 expression was analyzed by western blotting. The results verified the role of STAT3 in MMP2 transcription. Among salidroside-treated cells, MMP2 expression was reduced in cells targeted with siSTAT3 compared with in cells transfected with non-targeting siRNA (Fig. 4A) . Analyzing the protein expression levels relative to β-actin clearly elucidated the impact of salidroside on STAT3-related MMP2 expression (Fig. 4B) .
STAT3 protein was subsequently overexpressed in MDA-MB 231 cells, and STAT3 and MMP2 expression were analyzed using western blotting (Fig. 4C) . Salidroside treatment led to ~40% inhibition of p-STAT3 and MMP2 expression in MDA-MB 231 cells compared with in the (Fig. 4D) . Analysis of cell lysates revealed similar expression patterns of p-STAT3 and MMP2 following salidroside treatment, indicating that salidroside suppressed STAT3 and MMP2 expression. Based on these results, it may be concluded that STAT3 serves an essential role in MMP2 activation.
Salidroside suppresses cell migration and cellular invasion.
Migration and invasion are considered key regulatory processes in tumor progression, angiogenesis and metastasis. Therefore, the present study analyzed whether salidroside inhibited cell migration and invasion via its effects on MMPs and STAT3. A wound-healing assay was performed in MDA-MB 231 cells following treatment with salidroside for 24 h (Fig. 5A) . The results suggested that salidroside dose-dependently inhibited the migratory ability of MDA-MB 231 cells (Fig. 5B) . To assess whether salidroside could inhibit cell invasion, a Matrigel invasion assay (Fig. 5C ) was conducted, which demonstrated that salidroside treatment decreased the relative cell invasion (Fig. 5D) . Invasion was largely dependent on the release of MMPs, and salidroside downregulated MMP2, MMP3 and MMP9 expression at both the translational (Fig. 5E ) and transcriptional levels (Fig. 5F ). Overall, these results confirmed that salidroside inhibited cell migration and invasion by inhibiting STAT3 phosphorylation and MMP2 expression.
Discussion
Previous studies have extensively investigated the effects of salidroside on cancer cells, and a vast body of research exists on breast cancer, including studies regarding cell cycle inhibition and mammalian target of rapamycin molecular pathway analysis (14) (15) (16) 21, 22) . However, despite work in these areas, only scarce data are available regarding the specific roles of salidroside with regards to breast cancer growth, progression and metastasis. The present study aimed to elucidate the mechanism underlying the ability of salidroside to inhibit tumor progression and metastasis by targeting EGFR signaling and its downstream molecule STAT3 as a specific target.
The results provided evidence to suggest that salidroside, extracted from R. rosea, inhibited the growth of breast cancer cells in vitro. Specifically, 40 µM salidroside killed 49% of MDA-MB 231 TNBC cells. The observed cytotoxic effect was concentration-dependent. Conversely, salidroside exhibited no cytotoxic effect on MCF-10A and HUVECs, which indicated that salidroside may have no side effects on normal cells. These results suggested that salidroside does not induce cell death in normal cell lines, whereas it may induce cancer cell death, and therefore may be considered a good candidate as an anticancer drug. These in vitro data strongly suggested that salidroside is a candidate chemotherapeutic agent for breast cancer treatment.
A recent report demonstrated that salidroside significantly and dose-dependently suppresses MMP2 and MMP9 activity, and decreases protein expression in MCF-7 cells (23) . This is consistent with the present findings, which indicated that salidroside treatment reduced MMP2 and MMP9 expression at the mRNA and protein levels in MDA-MB 231 cells. It has also been demonstrated that MMP2 and MMP9 are associated with the Jak2/STAT3 pathway (20, 24, 25) . STAT3 phosphorylation provokes homo-or heterodimerization, which is followed by nuclear translocation and binding to gene-specific response elements in target gene promoters (26) . Together with these data, the present experimental results suggested that treatment with 40 µM salidroside resulted in a reduction of binding site activity. Examination of the MMP2 gene promoter sequence revealed a GAS element in the transcription start site, and gel shift analyses confirmed that STAT3 possessed DNA-binding activity to the MMP2 gene promoter, which was inhibited by salidroside. Furthermore, STAT3 knockdown effectively eliminated MMP2 expression, whereas STAT3 overexpression led to the same pattern of STAT3 and MMP2 reduction following salidroside treatment. Finally, it was demonstrated that salidroside treatment markedly inhibited cell migration and invasion in MDA-MB 231 cells. However, the results of a wound-healing assay indicated that the inhibitory effect of salidroside on migration may be due to cell toxicity. In order to confirm this effect was not due to cell death, a Matrigel invasion assay was performed; therefore, the contact between cells and salidroside occurred through Matrigel, clearly indicating that cell death had no role in the invasion process. These findings confirmed that salidroside induced inhibition of tumor migration and invasion, which was not caused by cell toxicity, thus indicating the ability of salidroside to inhibit metastasis.
The present experimental results are consistent with the previously reported roles of Jak2 and STAT3. The Jak/STAT pathway has important signaling roles in cancer growth and progression, and has been implicated in numerous cancer types, including human colon cancer (12) , breast cancer (23), melanoma (27) , osteosarcoma (28) , gastric cancer (21) , and head and neck cancer (29) . Jak proteins are implicated in cell proliferation, migration and apoptosis; they bind with and promote the phosphorylation of downstream molecules, including STAT3. Upon phosphorylation, STAT3 is activated and regulates a broad range of downstream target genes, mostly associated with malignant transformation and metastasis (30) (31) (32) .
The preesnt study also observed that salidroside exerted an inhibitory effect on angiogenesis in HUVECs. Therefore, the protein expression levels of VEGF in HUVECs and MDA-MB 231 cells were detected. VEGF is considered a key endothelial cell-specific signaling factor required for tumor angiogenesis (33) . In the present study, VEGF expression was reduced in HUVECs following treatment with salidroside. Previously, Ariyanti et al (34) and Zhang et al (35) reported an elevation in the expression of VEGF in salidroside-treated skeletal muscle cells compared with in non-treated cells, which indicated that angiogenesis activity is dependent on the upregulation of VEGF-A and platelet-derived growth factor-BB, thus suggesting that it is independent of VEGF downregulation. However, in the present study, salidroside inhibited angiogenesis by inhibiting VEGF activity, thus suggesting that salidroside inhibited VEGF-dependent angiogenesis. Since angiogenesis can foster tumor progression and metastasis, it is an important consideration in developing anticancer therapy (36) . The present study revealed that salidroside treatment inhibited in vitro angiogenesis in endothelial cells, and led to reduced VEGF protein expression in breast cancer cells, thus suggesting the anti-angiogenic ability of salidroside. Further experimentation in a breast cancer xenograft model is required to confirm the roles of these signaling molecules in salidroside-induced inhibition of migration, invasion and angiogenesis.
Overall, it appears that salidroside treatment may inhibit STAT3 phosphorylation (in a manner involving EGFR and Jak2), which in turn inhibited STAT3 signaling by blocking STAT3 nuclear translocation and DNA-binding. This may lead to inhibition of the gene-specific transcriptional activation of MMP2, ultimately resulting in inhibition of viability, migration, invasion and angiogenesis of breast cancer cells.
In conclusion, the present data revealed that salidroside inhibited TNBC tumor migration and invasion by regulating EGFR/Jak2/STAT3 signaling in a manner that inhibited MMP2 transcription. Additionally, it was demonstrated that salidroside inhibited VEGF-dependent tumor angiogenesis via a mechanism that also involves STAT3.
